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ConﬁnementAbstract Experimental and theoretical investigations are carried out on a strip-footing resting on
laterally conﬁned subgrade by vertical grouted diaphragm wall as a vertical reinforced element.
Loading tests on model footing reinforced via grouted diaphragm wall are performed to investigate
the suitable dimensions of grouted wall to be injected along each side of the existing footing. The
effects of width and depth of the grouted wall on the bearing capacity are studied. The bearing
capacity of conﬁned subgrade is clearly increased and the failure mode is modiﬁed. This technique
is considered to be a suitable method to control the horizontal and vertical movements of the sub-
grade.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Bearing capacity improvement and settlement control of sand
subgrade with horizontal reinforcements under footings have
been widely used. These reinforcement techniques were used
to prevent foundation failure under different circumstances.
In the previous studies, soil reinforcements are used before
construction to improve the supporting soil. Recently a variety
of investigators studied the concept of using soil reinforcement
techniques in the vertical form for strengthening existing foot-
ings to safeguard critically stable buildings. The ability of
strengthening of footing subgrade by different reinforced ele-
ments in the vertical form was investigated [1–5]. Moreover,
the possibility of using different vertical reinforcement in the
form of geogrid and bamboo sticks was reported and studied
[6]. The strengthening of the loaded footing soil systems byextensible steel thin sheets to provide lateral conﬁnement
around the existed footings was also presented as a vertical
reinforcement solution [7].
Finally, the concept of strengthening the mechanical char-
acteristics of subgrade layer by inclusions of vertical reinforc-
ing elements has been successfully applied in several techniques
for strengthening and ground improvement. Grouting tech-
niques in the vertical form are used worldwide and considered
as a rigid reinforcing element. Several research workers are still
working on this concept and the grouting is used in strength-
ening of ﬁne grained soil masses that are insufﬁciently conﬁned
[8]. Grouting in cohesive soils to mitigate settlements under
existing structures was analyzed. Also, mitigation of soil settle-
ment under existing structures by in-situ pseudo-static densiﬁ-
cation has been used for more than forty years in the U.S.A.
[9]. The use of the compensation grouting to control the
ground loss due to tunneling which caused subsidence trough
was adopted [10]. The concept of lense grouting, the equip-
ment and the materials employed was distinctly explained,
and its various applications in geotechnical problems are intro-
duced [11,12]. The technique of improvement of the soil by
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describing the development of special geotechnical measures
to protect buildings from damages resulting from total and dif-
ferential settlements was also investigated [14]. Investigation of
the shear parameters of bentonite cement grouts in sandy soil
and developed shear strength was studied [15,16].
The papers in the literature describe applications in which
grouting is used to improve the performance of the founda-
tions as reinforced elements. This technique was applied for
foundations and tunnels to control the settlement and also to
enhance the bearing capacity of the subgrade layer and hence
protecting buildings from damage.
Based on these notions, the methodology of the grout used
in this work aimed to use the injection of the grout around an
existing footing to make a diaphragm wall along each side of
the footing. The use of this diaphragm is to make a lateral con-
ﬁnement of the soil under footing. A dynamic analysis using 2
D FLAC software is conducted on a rigid footing model over a
sandy – clay soil improved with cement grouting, where bearing
capacity of soil due to grouting has increased up to 8 times [17].
It is known that French engineer, Charles Brigny was the
ﬁrst to use grouting to repair deteriorated sections under
masonry walls. Application of cement grout in the United
States started to be used for the purpose of improvement
and creation of cutoff walls [18].
The main objectives of the present paper were to discover
and analyze the technique of using vertical grouting dia-
phragm wall along each side of loaded strip footing/existing
footing to increase the bearing capacity, mitigate the settle-
ment and control the horizontal movement underneath the
footing soil system. Also, the study identiﬁes the failure pattern
of conﬁned subgrade by such technique.
2. Test setup and testing methodology
The soil bin is a wooden box of side dimensions 205 cm and
60 cm and 90 cm in depth. Plain strain conditions are consid-Table 1 Physical and mechanical properties of test sand.
Property Value
Speciﬁc gravity 2.65
Compacted dry density, cdmax (kN/m
3) 18
Min dry density – soft case, cdmin (kN/m
3) 15.6
Max. shear angle, /tri 40
Relative density, Dr 85
Coeﬃcient of permeability, K (m/s) 3.2  104
Table 3 The physical properties of cement.
Initial setting time (min) Final setting time (min) Finenes
160 200 3140
Table 2 Chemical analysis on cement.
SiO2 AL2O3 Fe2O3 CaO MgO Na
20.8 5.26 3.66 63.22 1.6 0.4ered for all model tests. Plain strain modeling is usually
adopted in experimental work on shallow foundations to limit
the number of variables involved. This is achieved by limiting
the strain in one direction of the test either to a constant value
or, more commonly, to zero. The rigid footing model was
made of a steel box section with a width of 10 cm, 2 cm thick-
ness and a length equal to the length of the tank to simulate a
strip footing. For each test a homogenous bed of dry silica
sand was formed. The mean grain size of the tested sand,
D50% = 0.33 mm.
The physical and mechanical properties of the used sand
are shown in Table 1. The relative density is kept constant
and equal to 85%.
A vertical grouted diaphragm wall is used along each side
of footing acting as a lateral conﬁnement for subgrade layer.
The grouting diaphragm can be considered as a rigid reinforc-
ing element. The diaphragm wall is made of a suspension grout
of cement (Ordinary Standard Portland Cement) and water.
The chemical analysis and the physical properties of the test
cement are summarized in Tables 2 and 3.
3. Grouting mix properties
The water cement mixes are prepared considering a ratio
between cement and injected sand 1:25 by weight (optimum
value [19]). This ratio was taken from different experimental
mixes, which provided acceptable grouting viscosity and
strength. In the current investigation the dry mixing was
adopted. In order to prepare the grout mix, the subsequent
steps are followed:
1. The weight of sand zone required for injection should be
determined according to its volume, and hence the required
weight of sand equal to (W  d  0.6  c sand), where w is
the sand width, d is the sand depth, and 0.6 m is the soil bin
length.
2. The weight of cement is determined according to zone of
sand to be injected as before by ratio 1:25.
3. The optimum water cement ratio w/c is determined.
4. The designed amount of water is added to the cement to
form the grout mix.
A tested sample was prepared by casting the grout mix on
sand sample at a given density in PVS cylinder and boxes
(cylinder, 38 mm diameter and 76 mm height,
60  60  20 mm). They were cured for 3 days until the mix
hardens; subsequently, the hardened grouts formed cylinderss (cm2/g) Average strength
after 3 days (kg/cm2)
Average strength after
7 days (kg/cm2)
230 310
2O K2O CL SO3 Loss Total
4 0.34 0.001 2.29 2.39 100
Table 4 The material properties of used grouting.
Properties Value
Water cement ratio, W/C (low bleeding) 0.55
Groutability, GR 14
Grout penetration ratio, r (m) 0.07
March viscosity (s) 22
Grouted unit weight of soil mix (kN/m3) 19.4
Unconﬁned compression strength qun after 7 days (kN/
m2)
4000
Modulus of elasticity E after 7 days (kN/m2) 270,000
Shear parameter (/g) 55
Adhesion (Cg) (kN/m2) 130
Table 5 Testing program.
Test no. W/B d/B BCR
1 – – 1.0
2 0.25 0.5 1.12
3 0.5 0.5 1.25
4 0.75 0.5 1.38
5 1.0 0.5 1.48
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and direct shear testing after 7 days of casting. Also, the differ-
ent rheological properties of the tested grout material are given
in Table 4. Similar ﬁndings were reported as before by differ-
ent investigators [19].
The chosen water cement ratio (W/C) has a low bleeding
and a viscosity permitting the grout to penetrate easily into
the sand. Initial viscosity is determined from viscosity time
relationships of the grout using marsh cones. Viscosity by
the March cone is measured in terms of the time required for
a 1000 cc of the grout to ﬂow out through a highly polished
4.76 mm diameter nozzle. Bleeding is also very important
property of a grout suspension, as it measures its stability. It
should be less than 5% during the injection time. The setting
time of the grout is an important factor in the successful com-
pletion of ﬁeld projects.
The shear parameter (/g and Cg) of the grout-sand inter-
face for the tested grout after 7 days of casting was determined
by performing direct shear box testes at different normal
stresses.
For installation of the grout to the subgrade layer a manual
small device as a syringe was used for injection method. The
problem statement and the studied parameters are shown in
Fig. 1. The test parameters were varied to evaluate the follow-
ing effects on the bearing capacity of reinforced subgrade layer:
1. The ratio of the reinforcing element depth to the footing
width (d/B).
2. The ratio of the reinforcing element width to the footing
width (W/B).Figure 1 The studied parameters for the problem under
investigation.The resulting ultimate bearing capacity and the bearing
capacity ratio (BCR), BCR = qult conf/qult unconf were presented
for different tested parameters, where qult conf is ultimate bear-
ing capacity in case of conﬁned subgrade by grouted wall and
qult unconf is ultimate bearing capacity without grouted wall.
Note, to simulate the existing footing, the injection of
grouted diaphragm wall for prescribed depth and width was
carried out after reaching 50% of failure load then the footing
loaded after 7 days of grouting process up to failure.
4. Discussion of testing results
4.1. The load settlement relationship
Loading tests were carried out in accordance with testing pro-
gram in Table 5. It is worth mentioning that a reference test is
carried out on unconﬁned subgrade. Load–displacement rela-
tionship for each test is plotted and then gathered as shown
in Figs. 2–5.
The ultimate bearing capacity of the footing soil system of
each test was obtained from the load displacement curves.
From these ﬁgures it can be seen that the presence of the
grouted diaphragm wall improves the bearing capacity of the
footing soil system. As the relative depth of grouted inclusions
(d/B) increases, the footing load capacity increases. It is appar-
ent from last curves that the conﬁnement modiﬁes the load set-
tlement behavior of the footing. Also, it is noticed that the load
settlement curves are improved with the increase of the width
ratio (W/B), and also, the interlocking between the grouted
wall and surrounding soil induces an interface friction, which
increases the stability of soil under the footing.
4.2. The width ratio and depth ratio of grouted wall effects
To study the effect of w/B, and d/B the width of the grouted
wall varies from 0.25 B to 1.25 B and the depth of the grout6 1.25 0.5 1.45
7 0.25 0.75 1.25
8 0.5 0.75 1.4
9 0.75 0.75 1.53
10 1.0 0.75 1.7
11 1.25 0.75 1.68
12 0.25 1.0 1.3
13 0.5 1.0 1.42
14 0.75 1.0 1.72
15 1.0 1.0 1.82
16 1.15 1.0 1.81
17 0.25 1.5 1.31
18 0.5 1.5 1.44
19 0.75 1.5 1.73
20 1.0 1.5 1.83
21 1.25 1.5 1.82
Figure 2 Load settlement curves for reinforced subgrade with
grout diaphragm wall in case of (D/B = 0.50).
Figure 3 Load settlement curves for reinforced subgrade with
grout diaphragm wall in case of (D/B = 0.75).
Figure 4 Load settlement curves for reinforced subgrade with
grout diaphragm wall in case of (D/B = 1.00).
Figure 5 Load settlement curves for reinforced subgrade with
grout diaphragm wall in case of (D/B = 1.50).
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that, the bearing capacity of the footing soil system increases
as W/B increases at different (d/B) ratios as shown in Fig. 6
which distinctly explains the relation between W/B and the
bearing capacity ratio (BCR). It is apparent from last curves
that the conﬁnement modiﬁes the load settlement behavior
of the footing. For cases (W/B > 1.0), the values of the bear-
ing capacity ratio are found to be constant for different depth
ratio (d/B). The general shear mode of failure of the footing
soil system was completely eliminated, in contrast with the
unreinforced case in which a typical punching shear failure
plane was visible. To get the most beneﬁt of the soil conﬁne-
ment, the depth of the grouted diaphragm, should be extended
to a sufﬁcient depth below the failure surface of the footing soil
system. From different loading tests it has been found that at
d/B > 1.0 the values of the bearing capacity ratio are found to
be almost constant and the diaphragm wall over this depth
provides a signiﬁcant lateral conﬁnement, which, prevents
the soil volume from any movement underneath the footing.Moreover, the effect of rigidity and stiffness of grouted wall
acts as a restraint for conﬁning the subgrade layer. Otherwise,
a signiﬁcant decrease in BCR was noticed when the grouted
wall is injected for a depth less than footing width (B). This
suggests that when d/B < 1.0 the diaphragm provides only
partial conﬁnement to the soil. Finally, over the range
(W/B > 1 and d/B > 1.0), it is uneconomic to use the grouted
diaphragm. From the accomplished experimental work it can
be concluded that the most economic and applicable ratio to
obtain the best effect is W/B = 1 and d/B = 1.0. In order to
estimate the correlation between the studied parameters, the
obtained results were organized, tabulated and statistically
analyzed using SPSS (statistical program for scientiﬁc studies)
software statistical computer package. Based on SPSS analysis
[20], the relationship for using grouted diaphragm wall can be
formulated by the following linear equation which correlated
the parameters (W/B and d/B).
Figure 6 Relationship between the relative width of grouted
diaphragm wall and the bearing capacity ratio.
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W
B
 
þ 17:779 d
B
 
ð1Þ
where qult unconf is the bearing capacity of unconﬁned footing
and in this study it is found to be = 133 kN/m2.
5. Modification of the bearing capacity failure
The bearing capacity failure for unconﬁned subgrade layer of
shallow strip footing on sand consists of the three-transition
zone in [21]. The failure mode of unconﬁned subgrade ordi-
nary case is illustrated in Fig. 7. Placing or forming the grouted
wall along each side of loaded footing, will decrease the subse-
quent tensile strain in soil, and its main role is to reduce the
distortion rate in the sheared zone and reduce the ultimate
shear stress mobilized in the shear zone. Consequently, it
contributes in modifying the bearing capacity failure. It also,
interrupts the plane of velocity discontinuities and changes
the direction of this velocity. Once the conﬁned subgrade is
formed velocity discontinuities planes are created and the con-
ﬁned subgrade particles take one direction to pass from the tip
of the wall. Otherwise the particles adjacent to the wall were
characterized by small displacement due to the induced inter-
face friction along the wall depth in the two edges compared
with middle particles which have larger movement. Hence
the wedge or elastic zone takes place at the end of wall then,
the subsequent zone of failure will be developed. Fig. 8 showsFigure 7 The bearing capacity failure for unthe considering modiﬁcation of the bearing capacity failure
mechanism in such cases of conﬁnement. Due to the grouted
wall as a rigid element of conﬁnement and the footing rests
on dense subgrade, the conﬁned subgrade and the grouted wall
act as a one unit, and the bearing capacity failure plane
induced at the tip of the grouted wall, similar to the failure
mechanism of footing with structural skirts [22,23]. It was also,
expected that the conﬁned grouted wall provides sand conﬁne-
ment situation which makes the subgrade layer become
compacted and dense as a pier foundation and the failure
mechanism distributed from the lower end of the rigid wall.
On the other way the ﬁnite element analysis will conﬁrm the
suggested failure mode as discussed in numerical analysis.
Also, the observed failure directly under the conﬁned subgrade
was found to be a punching shear failure as an elastic failure.
5.1. Settlement reduction due to confinement effect
The effect of using the grouted diaphragm wall to control the
settlement under the footing is studied. A parametric study
brings out the effects of the slenderness ratio (d/B) and
(W/B). The settlement reduction is generally expressed accord-
ing to the values of the Percentage Reduction in Settlement
(PRS%) as
PRS ¼ Sunconf  Sconf
Sunconf
ð2Þ
where
Sunconf = settlement of unconﬁned sand subgrade at
ultimate bearing capacity.
Sconf = settlement of conﬁned sand by grouted wall at
ultimate bearing capacity.
The relationships between the (PRS%) and the grouted
wall dimension (d/B, W/B) are presented in Fig. 9. It is noticed
that as the wall rigidity increases the resulting settlement signif-
icantly decreases, where the PRS% increases with the increase
of both d/B and W/B. The conﬁnement increases the mechan-
ical properties of the subgrade layer by increasing the
interlocking between the soil particles. On the other hand,
the grouted diaphragm wall is considered as a rigid element
if the width ratio (W/B) is not less than 0.75B and its depth
is not less than B, where, the extensibility of the grouted wall
on both sides of footing increases the interface friction and
the lateral movement of the soil particles at the interfaces is
resisted by the shear stress mobilization. These stresses in turn
push the soil upward thus resulting in the settlement reductionreinforced subgrade (after Terzaghi [21]).
Figure 10 Schematic diagram for the element of mathematical
model.
Figure 11 The vertical displacement vector for reinforced
subgrade by grouted wall (L/B = 1.25 and W/B = 0.75).
Figure 12 The horizontal displacement vector for reinforced
subgrade by grouted wall (L/B = 1.25 and W/B = 0.75).
Figure 13 The principal direction of stress of reinforced
subgrade by grouted wall (L/B = 1.25 and W/B = 0.75).
Figure 14 Distribution of the plastic points for reinforced
subgrade.
Figure 9 The relationship between the ratio W/B and the
percentage reduction in settlement for grouted diaphragm at
different depth.
Figure 8a The bearing capacity and shallow Foundation with
skirts (after AL-Aghbari [22,23]).
Figure 8b The bearing capacity failure mechanism in soil under
strip footing reinforced by grouted wall.
Figure 15 Principal strains for reinforced subgrade by grout wall
W/B = 1 and D/B = 1.25.
2746 A.Z. Elwakil, W.R. Azzamof the points on the surface. The injection of grouted wall
controls and reduces the settlement by 40% of its initial value
without grouted wall.
Figure 16 Distribution of shear strains for reinforced subgrade by grout wall W/B = 1 and D/B = 1.25.
Figure 17 Veriﬁcation of the model test results with ﬁnite
element analysis.
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The results obtained from model tests were veriﬁed by carrying
out numerical studies using ﬁnite element method. The plain
strain elastoplastic ﬁnite element analysis is carried out using
the commercial program PLAXIS [24]. The geometry of typi-
cal ﬁnite element model adopted for the analysis is shown in
Fig. 10. The left and right vertical lines of the model in
Fig. 10 are horizontally constrained and the bottom horizontal
boundary is constrained in both directions. In order to neglect
base effect and the scale effect, the depth of soil model should
not be less than 4 times footing width (4B).
6. Results of the finite element analysis
Results of the ﬁnite element analysis for unconﬁned subgrade
by grouted diaphragm wall after displacement of 25 mm, show
clearly the large displacements which is an important feature of
this analysis. It may be seen the deformation and ﬂow of the
soil particle mostly under the footing and moving outside,
and the stress zone in unreinforced case being a multi bulb
shape of different stress level.
In order to study the effect of the installation of grouted
diaphragm wall, the failure behavior was identiﬁed and the dis-
placement ﬁelds were investigated; the ﬁnite element analysis is
carried out for footing on subgrade layer conﬁned by grouted
wall for d/B = 1.25, W/B = 0.75. The resulting number of ele-
ments, number of nodes and the number of stress points are
117, 272 and 351 respectively, and it has been found that the
grouted diaphragm wall prevents soil particles from moving
to the region outside the wall. The wall provides lateral
restraint which modifies the stress distribution zone under
the base. Figs. 11–13 conﬁrm that the vertical displacement
ﬁeld for soil between the walls is concentrated , Fig. 11, and
characterized by small displacement. Moreover this ﬁgure also
deﬁnes the failure mechanism described before where the
sliding shear planes initiate from the tip of the grouted wall
to construct the modiﬁed bearing capacity failure. This inter-
pretation agrees with the failure mechanism of skirted footing
as presented by AL-Aghbari, 2003 and 2004 [22,23]. The
horizontal or lateral movement of the soil particles can be pre-vented by the grouted wall as distinctly explained in Fig. 12.
On the other hand, the existence of the vertical wall along each
side of footing modiﬁed the stress zone under the footing as
shown in Fig. 13 which is characterized by distribution from
the tip of the wall i.e. the stress distribution extends much
lower, where the conﬁnement increases and the mechanical
properties of the subgrade soil make the subgrade layer sustain
and transmit the stress to lower part to soil below the tip of the
wall. In order to conﬁrm the bearing capacity failure mecha-
nism which is illustrated in Fig. 8b, Figs. 14–16 show the stress
distribution for the conﬁned system. Distribution of the plastic
points for conﬁned subgrade shows that there are little plastic
points between conﬁned regions and concentrated mainly
below it that means, the shear failure will be expected outside
the region of conﬁned subgrade. This also, can be conﬁrmed
by observed principle strain location and shading of shear
strain of the reinforced case. It is noticed that, principal direc-
tion of strain is mostly founded below the tip of conﬁned zone.
This empathizes that the soil shear failure occurs mostly
beyond the conﬁned subgrade as explained before. And the
shear strains are decreased at conﬁned zone. Moreover, Distri-
bution of shear strains shading view (Fig. 16) shows that the
wall transfers the stress to adjacent soil to produce strains at
each edge showing that, the wall has a considerable effect on
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above. This ﬁgure justiﬁes consideration that the shear failure
will develop at the tip of conﬁned region. It can be concluded
that both the conﬁned subgrade and the grouted wall act as a
one unit, and the bearing capacity failure plane induced at the
tip of this block.
A comparison between the BCR calculated by using the
ﬁnite element analysis and that obtained from model test
results is shown in Fig. 17. The model test results are nearly
in close agreement with those from the analysis. The difference
between model test results and ﬁnite element analysis is nearly
about 15%.
7. Conclusions
From the present investigation on the loaded footing soil sys-
tem as an existing footing reinforced by grouting wall along its
sides, the following conclusions can be summarized:
1. The injection of the grouted wall along each side of the
existed footing is an excellent technique to increase the
bearing capacity of subgrade layer by 180% and it can be
considered as a rigid element to produce a real conﬁnement
conditions.
2. The results clearly demonstrate that the grouting reinforce-
ment modiﬁes the footing load displacement curve.
3. The footing load capacity increases with increasing the
length and width of the grouted wall.
4. The most economic depth and width of the grout wall equal
to footing width (B).
5. The main role of the grouted wall is to reduce the distortion
rate in the sheared zone and also reduce the ultimate shear
stress mobilized in the shear zone; hence, the bearing capac-
ity failure can be modiﬁed to punching shear failure under
the footing and at grouted wall tip the general bearing
capacity failure was formed.
6. The existence of the grouting along each side of footing
mitigates the vertical settlement and controls the horizontal
soil movement underneath the adopted loaded footing.
7. The proposed method of the reinforced loaded footing sys-
tem by grouting techniques reduces the vertical settlement
by 40%.
8. The ﬁnite element analysis helped in better understanding
of failure patterns for both conﬁned and unconﬁned sub-
grade layers. The analysis shows the same trend as the
experimental results in that the reinforcement has a consid-
erable effect on the bearing capacity of footing and control-
ling the horizontal and vertical soil movement.
9. This technique can be adopted to increase the bearing
capacity under the existing building to resist any additional
loads, which proposed from the addition of one or more
story not clearly either explain or remove.
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